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FOREWORD

This report was prepared by the Westinghouse Electric Corporation,
Advanced Energy Systems Division, Pittsburgh, Pennsylvania, under USAF
Contract No. F33615-78-C-5003. The project was initiated under Project
No. 7351, "Metallic Materials', Task No. 735108, "Processing of Metals",
and was administered under the direction of the Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base, Ohio with Mr, A. M. Adair
(AFWAL/MLLM) as Project Engineer.

The work described in this report was carried out between 16 February
1978 and 30 April 1980. Forging, Extrusion, Heat Treatments and other
technical support was provided by the following Westinghouse personnel:

. Brown
Brown
Jones
Myers
. Nash
Sweeney
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SECTION I
INTBRODUCTION

The experimental effort described in this investigation is a continuation
of work(1-19) carried out at the Materials Laboratory, Wright-Patterson Air
Force Base, Ohio to advance the science and technology of metal deformation
processing for aerospace applications. The principal objective of this effort
was to determine quantitative metalworking process design procedures for the

-selection and control of processing parameters for production of metallic
shapes with desired external geometry and internal microstructure. The program
consisted of three tasks which were conducted concurrently at the Experimental
Metals Processing Laboratory at the Wright-Patterson Air Force Base. The first
task entailed process design studies for metalworking operations, for the
exploitation of processing advantages of alpha or near alpha titanium alloys
containing hydrogen. The work performed under this task concentrated pri-
marily on the effects of hydrogen on the flow stress of Ti-6A1-4V. Some

additional work was also performed on Ti-5A1-2.5Sn and commercially pure Ti-
30A.

The second task entailed the effects of metalworking variables on the
generation of defects during processing. The work conducted under this task
was performed on extrusion of 7075 Al.

The third task entailed the utilization of optimum processing parameters
and techniques, both those developed in the first two tasks and those gained
from previous experience, to process experimental materials from alloy
development programs of the Air Force and other government agencies. The aim
of this task was to obtain the maximum yield of sound material for metallurgi-
cal evaluation. The work performed under the third task included extrusion,
forging, rolling, swaging, melting, and heat treatment of experimental alloys.
A total of 469 billets and bars were processed for this effort. Tabulated

data on the extrusions carried out under this task are included in this
report.

The major portion of the research findings have already been presented
in detail in the form of Materials Laboratory Technical Reports. Only
summaries of these studied are presented in this report, together with brief
discussions of work which has not yet been published.

SECTION II
INVESTIGATION OF METAL PROCESSING OPERATIONS

A. Pilot Plant Forging of Hydrogenated Ti-641-4v(20)

A pilot plant forging program for hydogenated Ti-6A1-4V is described
in this program and was performed on ingot stock which was machined into
ring-shaped workpleces. The rings were hydrogenated to obtain hydrogen




content between 0.1 weight percent and 1.2 weight percent. A micro-balance
technique was used to determine the hydrogen content. A description of the

equipment and procedures for h¥drogenation of the material and verification
of hydrogen analysis is given( 0),

The ring forgings were performed on a hydraulic forge press using iso-
thermal techniques. A temperature range between 922°K (1200°F) and 1144°K
(1600°F) and deformation rates of 1.26x10 lms-1 (0.3 ipm) and 1.26x10-lms~1
(30.0 ipm) were used in the forging evaluation. Two different heats of
material were used. Three to six rings were forged at different reductions
at each condition of temperature, rate and hydrogen content. Non-hydrogenated
rings were also forged at each condition to form a baseline for comparison.
Standard techniques were used to analyze the ring forging data.

Results from the program show that a 30 percent reduction in forging
loads resulted when material with 0.4 weight percent hydrogen is utilized. At
larger hydrogen contents, the deformation loads increase and approximately
equaled those of non-hydrogenated material when the hydrogen content is 0.8
weight percent. Deformation loads for the material with 0.4 weight percent
hydrogen which are equivalent to those for non-hydrogenated product occur
at processing temperatures between 569K (100°F) and 839K (1509F) lower.

These two effects are illustrated in Fig. 1. The application of these re-
sults to hydrided titanium powder and to isothermal forging technology is
discussed(20)., Information in this report is also applicable to zirconium and

hafnium processing technology. Details of this study are included in
AFWAL-TR-80-4026.

B. Experimental Forging of Other Titanium Alloys Containing Hydrogen(23)

The effort described above for titanium alloy Ti-6A1-4V was expanded
to include, in somewhat abbreviated form, other titanium alloys (such as
commercially pure titanium, Ti-30A and alpha titanium Ti-5A1-2.55n). Results
from these studies show similar trends with hydrogen content. Load reductions
for these alloys are somewhat higher, approximately 50 percent. These
results support the previously published Russian Data(21-22), petails of
the work on CP-Ti and Ti-5A1-2.5Sn and other alloys will be published in an
Materials Laboratory Technical Report(23),

C. Phenomenological Mechanism for the Occurrence of the Extrusion Central
Burst Defect(24)

An investigation of defect occurrence during metalworking was conducted
for low ratio extrusion billets of 7075 Al partially extruded in a horizontal
extrusion press using a three-inch diameter container. Extrusion conditions
were selected such that the central burst defect would occur. A rigid
ram stop mechanism was employed to halt the extrusion process abruptly
after selected increments of deformation were achieved in each billet. This
rigid ram stop mechanism is shown in Fig. 2. Metallographic sections of the
partially extruded billets using the rigid ram stop mechanism illustrating
the development of the defect are shown in Figs. 3 and 4. Metallographic and

Scanning Electron Microscope analyses were used to identify the development
of the defect.
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The occurrence of the defect was found to be preceded by the development of a
tangential velocity discontinuity surface in the deformation zone. Enhanced
metal flow in the radial direction on the die exit side of this discontinuity
surface caused tensile stresses to develop along the axis of the billet

_initiating the defect by a tensile overload mechanism. The defect was found

to propagate along the discontinuity surface but was halted when continued
ram motion caused continued plastic flow along this discontinuity surface to
become diffused. The defect development process is illustrated schematic-
ally in Fig. 5. Details of the effort are presented in AFML-TR-79-4031(24)

D. High Sensitivity-Low Capacity Load Cell With Overload Protection

A high sensitivity-low capacity load cell was designed and built to
satisfy the need for measurement of loads, representing a small fraction of
the load capacity of the equipment, that is often encountered in metalworking
operations. This situation can result from small workpieces because of
limited amounts of experimental materials, prior deformation processing of the
ingots or constraints on experimental variables. Measurement of small loads
can pose linearity and sensitivity difficulties when using load cells de-
signed to accommodate full press capacity. The load cell design, shown in
Fig. 6, has a load measuring capacity of 200,000 lbs and is capable of
accommodating full press load (1.1x105 1lbs) safely.

The load cell was instrumented with strain gages and calibrated up to
200,000 1bs on a certified testing machine. Flow stress-strain curves were
determined from the forging loads measured with the cell using the Ring
Compression Test(8).. The stress-strain curves are shown in Fi . 7. Details
are found in an Materials Laboratory Technical Report in print%25).

A modification to the lead cell was accomplished that resulted in an
increase in the linearity range of the cell. The modification consisted of
a change in the free deformation clearance between the measuring cell and the
safety block. This change became necessary due to a misalignment of a 0.004
inch thick ring previously used to adjust the deformation characteristics of
the previously used cell. This modification resulted in a drop of the output
of the cell to a maximum of about 207 at the lower load range. This means
that a maximum uncertainty of + 10% is possible on the lower load range used
to obtain the flow stress data of Fig. 7.

Change€ in the forging method and in the method of data analysis for
the Ring Compression Test are currently underway under Contract No. F33615-
79-C-5096 and could have a significant impact on the stress-strain data
computed from the Ring Compression Test. Corrections to the data in Sections

ITA, IIB and IIC will be made as necessary when said data analysis is
completed.
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SECTION III

APPLIED METAL PROCESSING

The experience gained during the performance of the experimental pro-
grams outlined in Section II, combined with prior expertise and knowledge
of metal forming, has been applied to the processing of more than 469
billets and bars of experimental materials related to government alloy devel-
opment programs. The processing included extrusion, conventional and
isothermal forging, rolling, ®waging and melting. All types of materials
were processed during these studies, ranging from aluminum alloys to tungsten
alloys. A variety of starting material forms, cast, powder and wrought
conditions were included in the processing operations. A number of heat
treatment operations were also performed in these application studies.

A listing of the billets processed by extrusion for these application
studies are included in Table 1, together with the deformation pressure for
the particular processing conditions and a description of the product quality.
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Fig. 3.

Macrographs of a sequence of longitudinally
gectioned partially extruded billets showing the
development, propagation and repetition of the
central burst defect. The above sequence shows
a) the development of the tangential velocity
discontinuity surface, b) the initiation of the
burst at the axial center of the billet at the
tip of the discontinuity surface and c¢) the
rapid opening of the defect.




The above sequence shows a) the fully
developed defect exiting the die with
metal flow concentrated at the outer
shell of the product followed by b) the
re-establishment of the metal flow within
the die cone and the initiation of a new
tangential discontinuity surface beginning
at the outer portion of the billet where
the initial entry to the die cone occurs
and c) the continued development of the
discontinuity with concentrated flow in
preparation for the next burst.



Region I - Nondeformed Material
Region II - Deformation Zone
Region III - Product Material

Fig. 5. Phenomenological mechanism of the development, propagation and
repetition of the central burst defect. a) Development of
tangential velocity surfaces (1) occurs with bands of localized
flow. Tangential flow along the discontinuity (2) is translated
to axial flow toward the die exit and results in a region of
enhanced tensile stress (3) at the billet axis. b) Initiation
of the central burst defect (4) results from tensile overload.
Wavy flow lines (5) develop while the deformation zone volume
shrinks by movement of the entrance boundary (6) toward the die
exit. c¢) Discontinuous flow lines develop (7) as the defect
propagates along the discontinuity surface but propagation
becomes less energetically favorable as the geometric position

l of the flow surface proceeds through the deformation zone (8).
The defect opens rapidly (9) as flow concentrates (10) at the
outer flow lines. d) As the defect passes through the die the
deformation zone (11) becomes re-established and new tangential
velocity discontinuity surfaces (12) begin at the outer surfaces
of the billet near the entrance to the die cone.
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